GANGSTA+ as well as GANGSTA (Kolbeck et al. 2006) have in common to align protein structures hierarchically starting on the secondary structure level (first stage) before transforming the results to residue level. In contrast to the former GANGSTA, which used a genetic algorithm, GANGSTA+ uses a combinatorial approach on the secondary structure level to evaluate similarities between two protein structures based on contact maps. For this purpose we consider the secondary structure elements (SSE), i.e. α-helices and β-strands (ignoring loops and coils), of the two proteins to be compared and make pairwise assignments of SSEs (belonging to the same type) from the two structures according to a specific similarity measure, based on the GANGSTA objective function (GOF) (Kolbeck et al. 2006) . In GANGSTA+ the bookkeeping of these SSE assignments is performed in a linear array, map, whose indices i enumerate the SSEs of the polypeptide chain (A) under consideration (source protein, which should be the smaller of the two proteins to facilitate the computation), while the integer values X i in the array label the SSEs of the polypeptide chain (B) (target protein, which generally is the larger of the two proteins) taken from a database of protein structures. To allow for gaps in chain A, the X i in the SSE map can also adopt the value G denoting that the SSE i in chain A is not assigned to a SSE in chain B.
GANGSTA+ the bookkeeping of these SSE assignments is performed in a linear array, map, whose indices i enumerate the SSEs of the polypeptide chain (A) under consideration (source protein, which should be the smaller of the two proteins to facilitate the computation), while the integer values X i in the array label the SSEs of the polypeptide chain (B) (target protein, which generally is the larger of the two proteins) taken from a database of protein structures. To allow for gaps in chain A, the X i in the SSE map can also adopt the value G denoting that the SSE i in chain A is not assigned to a SSE in chain B.
Different SSE assignment modes can be used with GANGSTA+. The assignment of SSEs can be performed respecting the sequential order of the SSEs in the polypeptide chains of the considered protein pair (sequential alignment) or ignoring this order (non-sequential alignment). Furthermore, SSE pairs can optionally be aligned in reverse orientation.
The combinatorial approach of GANGSTA+ aims to find the SSE map, which maximizes the GOF score (Kolbeck et al. 2006) . Therefore, we initially construct a list (maplist), of M comb members containing all possible incomplete SSE maps involving two SSE pairs only, which we call 2-tuple SSE maps. These 2-tuple SSE maps contain only pairs of SSEs belonging to the same type, i.e. α-helix or β-strand.
Ignoring the difference between α-helical and β-strand SSEs, which overestimates the total number of possible 2-tuple SSE maps, M comb would for instance be
where n A and n B are the number of SSEs in chain A and B, respectively. We sort all 2-tuple maps in the maplist according to the GOF score and consider only the N maplist = min(M comb * R ratio , N max ) (default values are R ratio = 0.5 and N max = 1000) highest ranked maps according to the GOF score. In the subsequent procedure the size of the ordered maplist is limited to N maplist . In an iteration procedure, higher order n-tuple maps are generated by merging two maps map k and map l from the ordered maplist starting from the top of the list with the highest ranked tuple maps. In the outer loop k runs from 1 to N maplist , while in the nested inner loop l runs from k+1 to N maplist . SSE maps with conflicting SSE pair assignments are not merged, but skipped. The resulting new map is considered to be successful, if it possesses more assigned SSE pairs, a better GOF score than each of the two original maps and has not been generated before. The latter is checked by using a search tree generated in parallel with the algorithm. If N maplist successful merged maps are generated and placed in a second intermediate storage list the iteration cycle terminates. While the inner loop index runs over the full maplist, the outer loop index k can reach also large values before the intermediate maplist is filled, since attempts to merge two maps are often not successful. Now the filled intermediate list is merged with the maplist. The resulting 2*N maplist maps are ordered and the top N maplist ranked maps are placed in the updated maplist and a next iteration cycle can start. Up to three iteration cycles are performed, which allow to generate maps assigning up to pleted in the third step of structure refinement as explained below. However, the iteration may be terminated earlier, if it was not possible to generate a new successful map in an iteration cycle, which is often the case for small proteins. Finally the ordered maplist contains in the first positions the best structure alignment results in terms of assigned SSE pairs, which can be used to perform structure alignment on the residue level in the second step as described below.
The residue level alignment (second stage) follows the secondary structure level optimization and is applied on the N map highest ranked SSE maps (default value is N map = 50) of the pair of protein structures to be aligned. To obtain an initial common set of atomic coordinates for both proteins, we define pairwise attractive interactions of the C α atom pairs in terms of inverse Lorentzians Lorentz i j V (r r) − describing the interactions between atoms i and j
These interactions apply only for C α atoms that belong to equivalent SSE pairs but to different proteins. With this artificial energy function, which describes the attraction of equivalent SSEs of the two aligned proteins, we perform an energy minimization similarly as it was done recently in an application of protein-ligand docking (Guerler et al. 2007 ). Subsequently, all C α atoms of the aligned protein pair are projected on lattice points of the same 3D grid with 1.0 Å resolution keeping track of the protein and the SSE id to which they belong. Note figure 2C and 3C) . Finally, the Kabsch algorithm (Kabsch 1976) is applied to minimize the RMSD of all equivalent C α atom pairs in the two aligned protein structures. In the present study, we search for sequential and nonsequential structure alignments and allow for pairwise SSE alignments also in reverse orientation. To ensure that protein structure alignments cover a sufficiently large portion of the structures we accept only alignment results involving at least 50% of the SSEs of the smaller of both proteins (the source protein) and more than 40 aligned residues (N aligned > 40).
Non-sequential protein structure alignments with same SSE orientation
Protein structure alignments of novel protein folds and the ASTRAL40 (Murzin et al. 1995) database generated with GANGSTA+. SSE assignments between two protein chains are restricted to be oriented in the same direction. Figure S1A , S1B shows 2JMK (Koo et al. 2007) aligned on 1VJU (SGPP) with 45 residues and a RMSD of 2.4 Å. The overall result of the corresponding database scan is depicted in figure   S1C . Figure S2A , S2B shows 2ES9 (Benach et al. 2005 ) aligned on 1H6K (Mazza et al. 2001 ) with 48 residues and a RMSD of 2.2 Å. Figure S2C shows the corresponding overall result of the database search with 2ES9 and the ASTRAL40 database. 
